The use of micro ceramic dust (CD) as an additive to lime in soil stabilization has been analysed in this study. CD was obtained by crushing and sieving of waste ceramic tiles from construction debris. The initial consumption of lime (ICL) for soil modification was determined using Eades and Grim pH test. In order to study the effect of lime content on soil stabilization, three different lime contents (below ICL, ICL and above ICL) were used for stabilizing the soil. These three lime contents were amended with various amounts of CD to study its effect on the strength of the stabilized soil. Unconfined compression strength (UCS) tests were carried out on the stabilized soil specimens of dimensions 38mm x 76mm at different ages of curing. The spent UCS samples were crushed and sieved to carry out Atterberg limits and free swell tests followed by x-ray diffraction (XRD) and scanning electron microscopy (SEM) tests for determining changes in microstructure. The results indicated that the addition of CD resulted in a marginally negative influence on the early strength of the stabilized soil at three days of curing whereas it enhanced the delayed strength of the soil at 28 days of curing, gaining between 12-14% strength. The effect of CD on the plasticity and swell-shrink of lime stabilized soil indicated a further reduction in plasticity and swell-shrink nature. The mineralogy of the amended soil revealed the formation of CSH and CAH minerals responsible for strength gain. SEM images used to analyse the microstructure of the virgin and stabilized soil, indicated the formation of a dense and compact microstructure. Finally, it was concluded that CD can be adopted as an auxiliary additive to lime in stabilization of expansive soil with provision of sufficient curing and the delayed onset of early strength due to CD can be overcome by using higher lime content in stabilization.
Introduction
Expansive soils have the tendency to undergo volume change behaviour and cause large uplift pressures and upheaval of structures built on them (Bhuvaneshwari, Robinson, & Gandhi, 2013) . The enormous volume change is due to the presence of montmorillonite group of minerals (Sridharan & Prakash, 2000) . They are characterized by high cation exchange capacity (Celik & Nalbantoglu, 2013) , small particle size (Fityus & Buzzi, 2009 ) and large specific area (Nalbantoğlu, 2004) . This volume change behaviour of expansive soils results in damage to structures constructed on them (Al-Mukhtar, Lasledj, & Alcover, 2010b; Al-Rawas, Taha, Nelson, Al-Shab, & Al-Siyabi, 2002; Bhuvaneshwari et al., 2013; Celik & Nalbantoglu, 2013) . Such soils need to be stabilized to improve their properties for safe and stable construction on them. Lime stabilization has been the most widely used method for stabilization of expansive soils (AlMukhtar, Khattab, & Alcover, 2012; Bhuvaneshwari et al., 2013; Thyagaraj, Rao, Sai Suresh, & Salini, 2012) . Stabilizing expansive soil by the addition of lime is an ancient art and an age-old practice, which has been followed all over the world. Lime is an effective stabilizing agent for soft and expansive soils and can enormously increase the workability and strength while limiting volume changes (Bhuvaneshwari et al., 2013) .
Lime stabilization has been studied by researchers extensively. Lime is a broad term that is used to refer to the following three types: quicklime (CaO), slaked or hydrated lime (Ca(OH)2) and carbonate lime (CaCO3) (Transport Research Laboratory, 2003) . Quicklime and hydrated lime are widely used as stabilizers (Bhuvaneshwari et al., 2013) . The addition of quick lime or hydrated lime to clay results in reactions taking place in two stages namely immediate reactions and long-term reactions. The immediate reactions include ion exchange and flocculation and long term or slow reactions include solidification by pozzolanic reactions (Bell, 1996; Bhuvaneshwari et al., 2013; Mishra, 2012) . Carbonate lime is usually not adopted in soil stabilization because carbonate lime is a stable compound and remains inert in the presence of water. However, addition of carbonate lime can bring about improvement in soil properties. James & Pandian (2013) had found that the addition of egg shell powder whose major composition is calcium carbonate, improved the strength of the soil by means of physical interaction. Lime was adopted as the primary stabilizer for the soil under consideration because all types of clay minerals react with lime (Bell, 1996) . Moreover, the effectiveness of cement stabilization becomes marginal when plasticity index of the soil is more than 20% (Transport Research Laboratory, 2003) . Several researchers have worked on the studying the effects of lime on soil properties including strength and modulus (Bell, 1996; Garzón, Cano, O`Kelly, & Sánchez-Soto, 2016) , mineralogy and microstructure (Aldaood, Bouasker, & Al-Mukhtar, 2014b; Rajasekaran, Murali, & Srinivasaraghavan, 1997; Rajasekaran & Rao, 1997) , permeability and compressibility (Rajasekaran & Rao, 2002a , 2002b and swell control (Aldaood, Bouasker, & Al-Mukhtar, 2014a; Seco, Ramírez, Miqueleiz, & García, 2011) . Others have worked on the various parameters that influenced lime stabilization of soils including curing conditions (Al-Mukhtar, Lasledj, & Alcover, 2010a; Al-Mukhtar et al., 2010b; Aldaood et al., 2014b; George, Ponniah, & Little, 1992; Nasrizar, Muttharam, & Illamparuthi, 2010b) , placement water content (Nasrizar, Muttharam, & Illamparuthi, 2010a) , pulverization quality of soil (Bozbey & Garaisayev, 2010) , strain rates (Alzubaidi & Lafta, 2013) and extreme soil and weathering conditions (Aldaood, Bouasker, & Al-Mukhtar, 2014c , 2014d Kinuthia, Wild, & Jones, 1999; Rajasekaran, 2005; Stoltz, Cuisinier, & Masrouri, 2014) .
State of the Art
With industrialization and generation of huge quantities of industrial by-products, researchers have tried to adopt industrial wastes as a chemical additive for soil stabilization. Sewage sludge ash, Silica fume, Sugarcane bagasse ash, Groundnut shell ash, Marble dust, Rice husk ash, Rice straw ash, Locust bean waste ash, Egg shell ash, Cement kiln dust, Lime kiln dust, Sawdust ash, Waste paper sludge ash, Incineration ash, Limestone dust, Cement by-pass dust, Wood ash, Bottom ash, Calcined paper sludge, Palm oil fuel ash, Pumice waste, Lime sludge, Construction and demolition waste, Quarry dust and Crushed glass are some of the wastes that have been adopted successfully in soil improvement applications (Dahale, Nagarnaik, & Gajbhiye, 2012; James & Pandian, 2015 , 2016b Sabat & Pati, 2014) . A lot of researchers have also applied solid wastes in combination with cement/lime in stabilization of soils. With so much research in utilization of solid wastes in soil stabilization, it has been firmly established that solid wastes can further augment the stabilization potential of cement and lime (James & Pandian, 2016a) . One such solid waste material that is generated in huge quantities is construction and demolition wastes. The construction and demolition waste generated in India in the year 2013 alone was 530 million metric ton (Centre for Science and Environment, 2014) . Several efforts have been undertaken in the past in managing this waste. Reutilization of this waste is an active way for effective management. But, it is one waste material whose composition varies widely depending upon the source. Adopting such a waste material with a varying composition poses a problem of unpredictability when reused in construction related activities. Hence, a better option would be to segregate the waste and use it based on type. One such demolition waste component is ceramic wastes. Ceramic materials are inorganic non-metallic materials made from a mixture of clay, various elements, powders and water. In construction industry, it is most commonly encountered in the form of bricks, tiles, plates, glass and sanitary ware to name a few. Ceramic wastes mainly originate from the construction industry. Ceramic materials represent around 45% of construction and demolition waste, and originate not only from the building process, but also as rejected bricks and tiles from industry (Reig, Tashima, Soriano, Borrachero, Monzó, et al., 2013) . The global production of ceramic tiles is around 8500 million square meters (Tavakoli, Heidari, & Karimian, 2013) . The annual ceramics production in India is around 100 million tons worth ₹18,000 crores with an approximate production of 600 million square meters (Anwar, Ahmad, Mohammed, Husain, & Ahmad, 2015; Raval, Patel, & Pitroda, 2013) . About 15 to 30% of the waste is generated from the bricks and tile industry. Sağın, Böke, Aras, & Yalçın (2012) state that ceramic materials like crushed tiles are artificial pozzolans. The specific gravity of ceramic wastes has been reported in the range of 2.27 to 2.82 by various investigators (Kamala & Rao, 2012; Sabat, 2012; Sekar, Ganesan, & Nampoothiri, 2011; Tavakoli et al., 2013; Veera Reddy, 2010) . Ceramic wastes can also be employed as supplementary cementitious materials (Reig, Tashima, Soriano, Borrachero, Monzó et al., 2013) . The utilization of ceramic waste along with cement in concrete and blocks is well documented (Halicka, Ogrodnik, & Zegardlo, 2013; Pacheco-Torgal & Jalali, 2010; Silva, De Brito, & Veiga, 2008; Tavakoli et al., 2013; Veera Reddy, 2010; Wattanasiriwech, Saiton, & Wattanasiriwech, 2009) . The formulation and use of lime mortars with ceramic particles has, in the past, been a very common technique (Matias, Faria, & Torres, 2014b) . The utilization of ceramics with lime in mortar has also been probed by researchers (Bakolas, Aggelakopoulou, & Moropoulou, 2008; Matias, Faria, & Torres, 2014a; Matias et al., 2014b; Moropoulou, Bakolas, Moundoulas, Aggelakopoulou, & Anagnostopoulou, 2005) . Despite, its pozzolanic property being well known and widely researched in other areas of Civil Engineering, its reuse as a pozzolan in the avenue of soil stabilization has been rather limited. Several earlier work involving the use of waste ceramic dust (CD) from tiles have been reported (Ameta, Wayal, & Hiranandani, 2013; Chen & Idusuyi, 2015; Geeta Rani, Shivanarayana, Prasad, & Prasada Raju, 2014; Prasad, Prasad, & Babu, 2015; Sabat, 2012; Summayya, Rafeequedheen, Sameer, Khais, & Jithin, 2016) . However, even these works involved the utilization of CD only as a standalone stabilizer. Moreover, most of the aforementioned authors considered ceramic waste improved the behaviour of clay due to physical interaction by replacement of clay particles with coarser CD particles. This may be due to the coarse nature of the CD adopted in the various investigations. And as a possible consequence, none of them included any investigation on the inherent mineralogical or microstructural changes taking place in the stabilized soil due to the addition of CD in their researches. Investigations involving the use of CD as a pozzolan with lime/cement are virtually absent. The available earlier work involving the use of CD as auxiliary additive to lime-flyash (Sabat & Bose, 2014) and cement (James & Pandian, 2014a) showed promising results. However, even in those works, no detailed investigations as to the mineralogical changes were undertaken.
Description of the Problem
Expansive soils have posed severe problems for geotechnical engineers worldwide. They need to be stabilized for reducing the distressing effects on structures built on them. Lime stabilization has been the most common technique adopted in stabilizing expansive soils. However, utilization of solid wastes in soil stabilization has gained prominence in recent times. This study focuses on the use of one such solid waste, CD along with lime in soil stabilization. Based on the state of the art, it can be seen that there still is a need for investigations wherein the performance of CD in combination with lime/cement in soil stabilization along with mineralogical and microstructural investigations as support. This work attempts to address this need by investigating the performance of CD as an auxiliary additive to lime in stabilization of an expansive soil along with mineralogical and microstructural studies to understand the changes taking place at the micro level. Thus, the primary objective of this work was to study the effect of CD on the strength, index properties like plasticity and swell-shrink and microstructural characteristics including mineralogy, of a lime stabilized expansive soil.
Materials and Their Properties
The materials used in this study include the soil to be stabilized, lime, the primary stabilizer and CD used as an admixture.
Natural Soil
The soil used for the study was obtained from Thatthamanji Village in Thiruvallur District of Tamil Nadu, India. The soil was black in colour and had very high initial moisture content when it was excavated from the ground. The soil was very fine and sticky when rubbed between fingers. The properties of the soil were tested in the laboratory and the results are summarized in Table 1 .
According to Bureau of Indian Standards (BIS, 1970) , based on the liquid limit and free swell index, the soil's degree of expansion and severity can be classified. Based on the properties of the soil under investigation, the soil is classified as having high degree of expansion and critical severity. The soil sample was subjected to X-ray fluorescence (XRF) for determination of its chemical composition and X-ray diffraction (XRD) to determine its mineralogy. The morphology of the materials used in the study was investigated using scanning electron microscopy (SEM). Figure 1 shows the SEM image of soil, lime and CD at a magnification of 1000x. The micrographs reveal that soil particles are aggregated into lumps due to the cohesive nature of the clayey soil. However, it also shows the platy clay particles that make up the soil aggregates. The mineralogy of materials used in this investigation is shown in Figure 2 . The mineralogy of the soil under investigation revealed the presence of montmorillonite and quartz minerals. The chemical composition of soil is tabulated in Table 2 . The test revealed that silica and alumina were the major components of the soil adopted in the study. 
Lime
The lime adopted for the study was laboratory grade hydrated lime with 95% purity sourced from Nice Chemicals, India. Laboratory grade lime offered better control over the test results because of the consistency in its composition, which was the primary reason behind adopting laboratory grade lime rather than commercially available lime for this study. Lime was also subjected to XRF and XRD for determination of its chemical composition and mineralogy respectively. The mineralogy of lime indicated the presence of calcium hydroxide and calcium carbonate. A comparison of the particle size with other materials adopted in this investigation reveals that lime particles are finer in size. Soil particles in the image are actually flocs of clay platelets which result in a larger particle size.
Ceramic Dust
CD is a waste powder from ceramic bricks, roof and floor tiles and stoneware industries. White paste ceramic tiles were adopted in the current study. CD adopted in the present study had 97.4% silt size fractions and 2.6% clay size fractions. The specific gravity of the CD adopted in the study came out to be 2.55. From the SEM image (Figure 1 ), it can be seen that CD adopted in this study has a rough surface texture and the individual particles are angular in nature. The particle sizes in the field of view vary, with sizes ranging from very small to large particles. The chemical composition of the CD revealed that it is also rich in silica and alumina making it a good pozzolan. The mineralogy of CD revealed that quartz was the major mineral present in it. Calcite and dolomite were also noticed among others. 
Methods
The methodology of the investigation involved the following stages: Preparation of materials, Characterization of materials, Determination of lime dosage, Selection of additive dosage, Experimental investigation and Microstructural Investigation including mineralogy.
Preparation of materials
The soil sample was prepared in accordance with the procedure stipulated in BIS code (BIS, 1983) . Lime used in the laboratory was used as available from the manufacturer without any preparatory techniques. CD is not a readily available form of the waste material. Broken ceramic tiles were carefully segregated from construction debris from a demolition site, free from cement mortar. The segregated ceramic tiles were then crushed and ground to a powder using abrasion testing machine. It was then sieved through BIS 75µ sieve and the fine micro fractions were stored in airtight plastic containers for use in the study.
Characterization of materials
The soil was tested for its properties including liquid and plastic limit (BIS, 1985b), shrinkage limit (BIS, 1972) , specific gravity (BIS, 1980b) , grain size distribution (BIS, 1985a) , compaction characteristics (BIS, 1980a), UCS (BIS, 1991), Free swell index (BIS, 1977) and pH (BIS, 1987) in accordance with various codes of BIS. It was then classified as per BIS soil classification system (BIS, 1970) (Table 1) . CD was subjected to specific gravity test (BIS, 1980b) and grain size distribution test (BIS, 1985a) in accordance with BIS codes. Soil, lime and CD were subjected to XRF testing for determination of their chemical composition. The mineralogy of the materials was determined by using XRD. The microstructure of the three materials was studied using SEM.
Determination of lime dosage
The lime content required for stabilization was fixed using established methods of identification. Nasrizar, Ilamparuthi, & Muttharam (2012) state that there are three phases in the relationship between strength and lime content, first phase for lime content less than Initial Consumption of Lime (ICL), second phase for lime content above ICL but less than Optimum Lime Content (OLC) and third phase, lime content above OLC. Hence, the ICL and OLC of the soil was determined and adopted for stabilization of the soil. ICL was determined from the Eades and Grim pH Test (Eades & Grim, 1966) as given by (ASTM, 2006) . The OLC was arrived at by conducting UCS test in accordance with (BIS, 1991) , on soil samples with increasing lime content and cured for a period of 2 days based on earlier works (Sivapullaiah, Katageri, & Herkal, 2007; Thompson, 1967) . The lime content of the stabilized soil specimens at which the maximum UCS was achieved was taken as the OLC. The above methodology is based on similar earlier work (James & Pandian, 2014b) .
Fixing of additive dosage
After the fixing of lime contents for the stabilization of soil, the additive dosages were selected for the investigation. Conventionally, the content of the stabilizers, especially waste materials that are adopted in soil stabilization, are fixed at random and are reworked in subsequent investigations by the same or different investigators. A look at the literature reveals that solid wastes have been adopted in trial percentages by a majority of the researchers to study its effectiveness in soil stabilization. Similarly, in this investigation as well, the content of waste materials used as additives were selected at random. This investigation limited itself to the effect of additives at low levels of addition. Four trial dosages of 0.25, 0.5, 1 and 2 wt. % were adopted in this investigation.
Experimental Investigation
The experimental investigation involved preparation of UCS specimens of dimensions 38 mm x 76 mm statically compacted to a density of 14.72 kN/m 3 , at a moisture content of 25%. The samples were prepared by manually dry mixing the soil with lime and CD at calculated weights followed by addition of water to prepare a wet mix. This wet mix was packed in layers into the mould and statically compacted to prepare the UCS specimen. The prepared UCS samples were air cured for periods of 2 hours, 3, 7, 14 and 28 days in air tight sealed polythene covers to prevent loss of moisture. At the end of the specified curing periods, the samples were loaded in an electrically operated, 50 kN capacity loading frame with three strain rates. The samples were axially loaded till failure at a strain rate of 0.625 mm/minute to determine the UCS of the specimens. Three specimens were prepared for testing of each combination. A total of 225 UCS specimens were prepared for evaluating the strength of lime and lime-CD stabilized expansive soil not including repeat tests for confirmation of outliers in test results. The failed UCS samples were crushed, pulverized and sieved through BIS 425µ sieve for performing the Atterberg limit tests and free swell tests. These index tests were limited to only the control lime contents and the combination which produced the maximum strength (optimal combination) in order to study the effect of CD on the plasticity and swell-shrink characteristics. Three tests were performed for each of the property and the average was reported as the result. The spent UCS samples have been adopted for investigation of plasticity and swell-shrink nature in earlier investigations as well (James & Pandian, 2016b) .
Microstructural Investigation
The failed UCS specimens of the combination that produced the maximum strength were adopted for microstructural analysis. Chunks of UCS specimens of lateral dimension less than 10mm with exposed failure surface were used for studying the microstructure using SEM. After separating samples for SEM, the rest of the failed specimens were crushed, pulverized and sieved through BIS 75µ sieve to be sent for analysing the mineralogy using XRD. SEM was performed at an applied voltage of 5 kV and a working distance of 11.7 mm. X-rays of wavelength of 1.54Å was adopted with continuous mode Gonio scan between 2-theta positions of 10 o and 90 o with a scan step of 0.02 o and scan speed of 25 degrees/minute. A current of 10mA and voltage of 30kV was set in the generator.
Results and Discussion
According to ASTM (2006) , the lowest percentage of lime in soil that is required to raise the pH of soil to 12.4 is the approximate quantum of lime required for soil stabilization. Bell (1996) and Kinuthia et al. (1999) state that normally this value is between 1 to 3 %. However, several researchers have reported values that are outside this range. Some of the values reported include 4% (Al-Mukhtar et al., 2010b; Bhuvaneshwari et al., 2013; Bhuvaneswari, Thyagaraj, Robinson, & Gandhi, 2010; Mavroulidou, Zhang, Gunn, & Cabarkapa, 2013) , 5% (Eisazadeh, Kassim, & Nur, 2011a; Far, Kassim, Eisazadeh, & Khari, 2013) , 6% (Kinuthia et al., 1999) , 7% (Eisazadeh, Kassim, & Nur, 2011b) , and 7.3% (Calik & Sadoglu, 2013) . In the present study, the ICL for the soil under investigation came out to be 5.5%. The OLC was determined to be 7%. It is well documented in literature that lime content more than ICL is added for pozzolanic reactions resulting in strength gain (Bhuvaneshwari et al., 2013; Kinuthia et al., 1999; Nasrizar et al., 2010b) . In order to study the effect of lime stabilization below ICL, a random value of 3% lime was adopted for stabilization.
Effect of lime on expansive soil
The addition of lime results in the modification of soil properties and gain in strength. However, the extent of modification depends on the lime content. Figure 3 shows the stress strain curves of virgin as well as soil stabilized with varying percentages of lime after 28 days of curing. The stress strain curve for soil is a flat curve without any clear peak stress indicating that the soil specimen underwent plastic failure. With the addition of lime to soil, there is a development of a clear peak at higher axial stress in the stress strain curves of the stabilized soil which is an indication of the increase in strength of the stabilized soil. It can be seen that at 5.5 wt. % and 7 wt. % lime stabilizations, the peak stress is attained at a lower strain when compared to 3 wt. % lime stabilization of soil. As a result, there is shift in the peak towards the left indicating an increase in the rigidity of the specimens. Comparing 5.5 wt. % and 7 wt. % lime stabilizations, the strain at peak strength is more or less the same, but the strength achieved is higher in the latter case. In addition, the stress strain curve for 7 wt. % lime stabilization lies to the left of the corresponding curve for 5.5 wt. % lime stabilization owing to comparatively quicker increase in stiffness. Thus, addition of lime to soil not only increases its strength but also reduces its plastic nature and increases its stiffness. Similar trends in stress strain curves can be seen in the investigations of earlier researchers (Kavak, Bilgen, & Faruk Capar, 2011; Muhmed & Wanatowski, 2013; Sharma, Phanikumar, & Rao, 2008; Yıldız & Soğancı, 2012) . 
Effect of lime content on stress-strain behaviour

Effect of lime content on plasticity
Figure 4 reveals the effect of increasing quantities of lime adopted in this study on the virgin expansive soil. It can be seen that the addition of lime results in a steady reduction in the liquid limit of the virgin soil. The liquid limit reduced from 68% to around 49% on addition of 7 wt. % lime. On the other hand, the plastic limit increased from 27% to close to 37% for 7 wt. % addition of lime. The increase in plastic limit was steady till 5.5 wt. % lime addition but further increase in lime did not result in a significant increase in the plastic limit as seen from the slope of the two sections of the curve. The combined effect of these two properties can be seen in plasticity index which reduced from 41% to around 12% when lime content increased from 0 to 7 wt. %. The reduction in plasticity index was also significant till 5.5% and became marginal thereafter. The changes to Atterberg limits are due to ion exchange reactions and flocculation-aggregation of the clay particles due to addition of lime (Little, 1995) . Mohammed & Elsharief (2015) found that addition of hydrated lime resulted in a reduction in liquid limit and increase in plastic limit of expansive soils treated with hydrated lime. However, they found that reduction in plasticity was not significant beyond the lime fixation point which was also the case in the present study. Similar results wherein higher lime contents had little effect on plastic limit and plasticity index was also reported by others (Leite, Cardoso, Cardoso, Cavalcante, & Freitas, 2016) . Figure 5 shows the effect of lime on the free swell index and shrinkage limit of the virgin soil. It can be seen that the addition of lime resulted in the reduction in the free swell of the virgin soil with increasing lime content. The free swell reduced from close to 100% for virgin soil to just 50% for 3 wt. % addition of lime. With further increase in the lime content, the free swell reduced continuously to just around 8% for 7 wt. % addition of lime. Leite et al. (2016) found that addition of just 3 wt. % lime reduced the free swell of the soil from 20% to 1.85%. Reduction due to further increase in lime contents of 6 wt. % and 9 wt. % were 1% and 0.5% respectively. Thus, it can be seen that significant reduction in swell is achieved by the first increment in lime content, a fact also reported by Thompson (1967) . The shrinkage limit of the soil, on the other hand, increases with the increase in lime content of the soil. However, the increase in shrinkage limit is not as prominent as the reduction in the free swell due to addition of lime. The shrinkage limit increases from just 10% for virgin soil to around 17% for 3 wt. % addition of lime. This continues to increase to 27% for 5.5 wt. % lime modification. However, the increase in shrinkage limit reduces for further increase in the lime content. The shrinkage limit reaches a value of around 31% for 7 wt. % addition of lime to the soil. Thompson (1967) reported substantial increase in shrinkage limits of lime treated soils. Samantasinghar (2014) found that shrinkage arrests due to addition of lime to soil was because of flocculation of soil particles leading to reduction in specific surface area and double layer thickness. 
Effect of lime content on swell-shrink
Effect of CD on lime stabilization
The effect of CD on the strength of lime stabilized soil was studied by performing UCS test to understand the effect of CD content and the curing period provided for the reactions to proceed.
Effect of CD content
The effect of CD on lime stabilization strength was studied by adding CD in increasing proportion to lime soil mix for 3 wt. %, 5.5 wt. % and 7 wt. % lime doses. Figure 6 shows the effect of addition of CD to 3 wt. % lime stabilized soil. At 2 hours of curing, the addition of CD to lime stabilized soil has no significant effect on the strength as seen from the flat nature of the curve. There is a significant gap in the strength curve for 2 hours and 3-day curing, indicating a rapid development in strength at early period. At early curing, the addition of CD also does not improve the strength. However, beyond 3 days of curing, the curves are spaced closer indicating a slowing down in the development of strength. The reason for the retardation of strength development may be due to the fact that 3 wt. % lime is below the minimum lime required for modification of the soil under investigation. It is well documented in literature that lime above the ICL is required for development of strength of the stabilized soil. But the influence of the addition of CD can be seen with an increase in strength of the lime stabilized soil at 0.5 wt. % dosage of the same. At 0.5 wt. % CD, after 28 days of curing, the strength of lime stabilized soil increased from 547.48 kPa to 613.3 kPa, which is a gain of 12%, indicating it to be the optimal dosage of CD. Figure 8 shows the effect of addition of CD to 7 wt. % lime stabilized soil. At 2 hours of curing, there is no effect of CD on the strength of the stabilized soil. At 3 days of curing, there is a marginal increase in the strength at 0.5 wt. % addition of CD. Beyond 3 days, there is a clear demarcation of the strength gain at 0.5 wt. % addition of CD, with a jump in strength in all curves. The strength of the 7 wt. % lime stabilized soil, after 28 days of curing, increased from 1881.45 kPa to 2154.51 kPa, on 0.5 wt. % addition of CD which is a gain of 14.5%. In this case as well, the maximum gain in strength was achieved at a dosage of 0.5 wt. % CD. Comparing all three cases of lime stabilization, all of them produced enhanced strength at 0.5 wt. % dosage of CD. The maximum strength of the stabilized soil was obtained at OLC for 0.5 wt. % CD addition. However, this was in contrast to the literature reported by Bakolas et al. (2008) wherein the lime consumption increased with increasing CD/lime ratios in lime mortars indicated by strength values. 
Effect of curing
It is a known fact that provision of curing period results in the improvement of strength of lime stabilized soil systems.
In the present study, in order to study the effect of curing period on the strength development due to the addition of CD, strength development of pure lime stabilized soil was compared with lime stabilized soil admixed with CD. Figure 9 shows the effect of curing on the stabilized soil with and without the addition of CD. It can be seen that at 3 wt. % lime stabilization, the addition of CD has not produced a significant increase in the strength of the soil on providing curing. However, at 5.5 wt. % and 7 wt. % lime stabilization of soil, with increasing curing there is significant difference between the strength development of lime stabilized soil with and without CD. CD being an artificial pozzolan, provision of sufficient curing period and availability of sufficient lime has resulted in better strength of the stabilized soil. However, it may be noted that at early curing period, in all cases of lime stabilization, addition of CD has resulted in a slight dip in the development of early strength of the stabilized soil. However, this dip in the early strength is mitigated with increase in lime content. Whilst in less than ICL content, it takes 14 days for the CD amended specimen to gain strength over the pure lime stabilized soil, in the case of ICL it is just 7 days, whereas at OLC stabilization it takes just 3 days to gain strength over the pure lime stabilized soil. Moropoulou et al. (2005) reported that lime mortar with ceramic powder produced low compressive strengths at early curing but developed very high strengths at late curing period, even higher than natural lime mortars with which the present study is in agreement with. It can hence be concluded that CD addition to lime stabilization results in enhanced strength but only when sufficient curing period is allowed for. Pacheco-Torgal & Jalali (2010) also found that when ceramic powder was used as a replacement for cement, it resulted in a reduced early strength at 7 days of curing when compared to conventional cement concrete, but the delayed strength of the concrete was very close to the control value. However, in contrast, when CD was used as an additive to cement by James & Pandian (2014a) , CD resulted in enhanced early strength of the cement stabilized soil. In the present study, the early strength of the lime stabilized soil amended with CD was lower than the control specimen, however, the delayed strength at 28 days was higher for optimal dosage of CD. Hence, CD can be effectively suggested as an admixture to lime stabilization wherein the early strength of the stabilized soil is not significant for the application under consideration. Therefore, CD can be recommended as a deferred strength enhancer.
Effect of CD on plasticity and swell-shrink Figure 10 shows the plasticity of all three lime stabilized soils amended with the optimal dosage of CD namely 0.5 wt. %. It is noticeable that the effect of CD in reducing plasticity is higher at low lime content of 3 wt. %. At higher lime content of 5.5 wt. % and 7 wt. %, the effect of addition of CD in reducing plasticity reduces comparatively. Thus, it can be inferred that at insufficient lime content, CD augments the performance of lime in reducing plasticity whereas when sufficient lime is available, lime dominates the plasticity modification thereby reducing CD effect to minor variations. Figure 11 shows the effect of addition of optimal dosage of CD on the free swell index of lime stabilized soil. It can be seen that the addition of CD to the lime stabilized soil results in a further reduction in the free swell of the stabilized soil. The reduction in free swell is higher when the lime content is lower. At higher lime content, the reduction in free swell is marginal as already the addition of lime has resulted in significant reduction in the free swell of the soil. Sabat (2012) and Chen & Idusuyi (2015) found that addition of CD to expansive soil resulted in a reduction in swell pressure of the soil attributed to replacement of swelling clay particles with non-swelling CD particles. Sabat & Bose (2014) reported that addition of up to 35% CD to fly ash-lime stabilized soil reduced the swell pressure of the soil to zero. They cited replacement of stabilized clay particles with CD particles and formation of strong inter particle bonds between soil, fly ash-lime and CD as reasons for reduction in swell of the stabilized soil. In the present work, the reduction in free swell may be due to a combination of chemical reaction products of lime soil-CD and presence of non-swelling coarser CD particles. Figure 12 shows the effect of addition of 0.5 wt. % CD on the shrinkage limit of lime stabilized expansive soil. The addition of CD results in a further increase in shrinkage limit of the soil indicating further improvement in swell-shrink nature of the soil. The maximum increase in shrinkage limit is obtained at ICL stabilization. Increase in shrinkage limit results in a reduction in the range over which volume change can occur (James, Lakshmi, Pandian, & Aravindan, 2014) , thereby improving its volume change behaviour. Sabat & Nanda (2011) stated that pozzolanic products formed due to reaction between lime present in marble dust and silica and alumina present in soil and RHA resulted in strong inter-particle bonds which does not allow water to escape from soil and hence, reduces shrinkage. A similar mechanism in the present case may be the reason for reduced shrinkage. 
Mineralogy of CD admixed lime soil stabilization
Admixing lime-soil system with CD results in the augmentation of formation of calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH) minerals. Figure 13 reveals the minerals formed due to pozzolanic reactions between soil, lime and CD. It can be seen that addition of CD to lime stabilized soil augments the availability of silica and alumina in the reactions leading to the formation of CSH and CAH minerals. The CSH minerals formed include Rosenhahnite, Calcium chondrolite, α-C2SH, Killalaite, Suolunite, Poldervaartite and Wollastonite. The CAH minerals include Tetracalcium dialuminium pentahydrate and Hydrogarnet. The high pH environment during lime stabilization results in the destruction of crystal structure of silica and alumina due to dissolution. This leads to reduction in intensity of peaks of minerals rather than their complete disappearance due to stabilization reactions. New peaks intensities also grow corresponding new minerals that form due to the stabilization reactions.
In the present case, the intensity of quartz at 2-theta value of 26.68 o reduced from 16904 counts in virgin soil to 2043 counts when it was stabilized with 7 wt. % lime. However, on addition of 0.5 wt. % CD to this mix, the intensity further reduced to 727 counts. The peak corresponding to montmorillonite at 2-theta value of 19.78 o reduced from 2082 counts in virgin soil to 941 counts in 7 wt. % lime stabilized soil which further reduced to 736 counts upon addition of 0.5 wt. % CD. This indicates that the addition of CD to the stabilization process enables better progress of the pozzolanic reactions resulting in the destruction of crystal structure of minerals and hence, reflecting as reduced intensity of peaks in diffraction tests. Literature suggests that the major composition of CD is silica and alumina (Halicka et al., 2013; Pacheco-Torgal & Jalali, 2010; Reig, Tashima, Soriano, Borrachero, Monzo, et al., 2013; Tavakoli et al., 2013) . CD being a known artificial pozzolan, these components reacts with calcium from lime to result in the formation of CSH and CAH. However, Pacheco-Torgal & Jalali (2010) also mention that white paste CD has a small but significant proportion of calcium oxide as well. In soils with lesser quantities of natural silica and alumina, addition of CD will result in better strength due to the augmentation of the available silica and alumina for pozzolanic reactions to proceed. Bakolas et al. Figure 14 shows the composite image of untreated expansive soil at 2000x and soil stabilized with 7 wt. % lime and 0.5 wt. % CD at 5000x magnification. The addition of lime and CD to soil has resulted in a change in the appearance of the soil due to the chemical reactions taking place in the soil. The virgin soil can be seen aggregated into lumps due to cohesive nature of the clayey soil. However, on closer observation it can be seen that the lumps consist of platy clay particles that are stuck to each other. Due to stabilization of the soil, there is significant change in the microstructure of the soil. The platy aggregated clay particles can no longer be seen in the stabilized soil matrix. This is due to the destruction of their crystal structure due to the dissolution of soil silica and alumina due to the high pH environment developed during addition of lime to soil. Consequently, the stabilized soil exhibits, a dense and compact microstructure. There appears to be what seems like foil like leafy structures dispersed in random direction indicating the destruction of platy clay particles and formation and deposition of new reaction products. Bhuvaneshwari et al. (2013) also reported development of such a microstructure in lime stabilized soil. The microstructure also appears to have more cementitious connectors resulting in well-developed floccules. Sante, Fratalocchi, Mazzieri, & Pasqualini (2014) also reported the formation such floccules in lime stabilized soil. The stabilized soil matrix also exhibits very little voids which may be due to the deposition of cementitious products resulting in a denser microstructure. 
Microstructural study
Conclusions
The investigation involved the amendment of lime stabilized soil with various dosages of CD followed by strength, plasticity, swell-shrink, mineralogy and microstructural evaluation. Based on the results of the various tests carried out on virgin and stabilized soil specimens, the following points can be concluded:
 Stabilization of the expansive soil with lime resulted in an increase in strength and stiffness of the soil and reduction in plasticity and swell-shrink nature with increase in lime content. Amendment of the three lime contents with CD in the process of stabilization resulted in a further increase in strength of the stabilized soil. CD was able to enhance the strength of the lime stabilized soil, irrespective of the lime content adopted for stabilization. However, it was found that 0.5 wt. % CD dosage was the optimal dosage for all three lime contents. The optimal dosage of CD to lime stabilization resulted in 12-14% gain in strength of the stabilized soil after 28 days of curing.  Addition of CD to lime stabilization resulted in an increase in strength of the lime stabilized soil after 28 days of curing, irrespective of lime content but the development of very early strength, at 3 days of curing, was hampered by the addition of CD. This delay in strength development, however, was partially overcome with increase in lime content of the stabilization process. Thus, higher lime content with CD can overcome the delay in strength development at early curing due to the presence of CD.  CD amendment of lime stabilization resulted in a further reduction in plasticity and swell-shrink nature of the stabilized soil. However, the effect of CD was more pronounced at lower lime content when compared to higher lime content.  Mineralogical investigation of the stabilized soil samples revealed the reduction in peaks of quartz and montmorillonite due to stabilization of soil with lime and CD with an increased suppression seen on addition of CD. This can be indicative of effective progress of pozzolanic reaction and formation of reaction products resulting in enhanced strength gain noticed due to addition of CD to lime stabilized soil. The reactions products formed were minerals of CSH and CAH group, which resulted in an enhanced strength of the stabilized soil.  The microstructural study of virgin and stabilized soil indicated destruction of the platy clay particles and formation of cementitious depositions resulting in better aggregation of the soil particles and formation of a compact and dense microstructure.
Thus, it can be concluded that CD can be used as an effective admixture in the enhancement of strength of lime stabilization of expansive soils wherein provision of sufficient curing time is possible for development of strength. In cases, wherein early strength gains prominence, higher lime content can be adopted to overcome the delay in development of strength due to CD at early curing periods.
